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ABSTRACT 
In situ polymerizing hydrogel systems play an important role in many tissue engineering 
applications.  They have proven to be useful in biomedical applications that require conversion 
of liquid macromer solution to tissue compliant hydrogel under physiological conditions.   A 
series of poly(ethylene glycol)-co-poly(lactate) diacrylate macromers were synthesized with 
variable PEG molecular weight and lactate content.  The macromer compositions were 
confirmed by NMR spectroscopy and ion chromatography.  These macromers were polymerized 
to form hydrogels by free radical polymerization using either redox or photochemical initiators.  
The current study focused on the optimization of polymerization conditions.  Compressive 
modulus and residual acrylate analysis were used to evaluate polymerization efficiency.  To 
characterize the network structure, the swelling ratio values were converted to the average 
molecular weight between crosslinks ( cM ) and mesh sizes (ξ) using Flory-Rehner theory. 
Current study suggested hydrophobic modification is desired to achieve high polymerization 
efficiency.  
Electrospinning is a developing technique to produce ultra fine fibrous structures from 
polymer solutions.  Current research efforts have focused on understanding the effects of 
principal parameters such as molecular weight distribution (MWD) and polymer surfactant 
interactions on the morphology of the electrospun patterns.  Fundamental understanding of the 
dilute solution rheology of the polydisperse polymer/solvent and polymer/solvent/surfactant 
systems was first established. Using viscometry, the on-set of entanglement concentrations could 
be obtained for various systems.  Electrospinning was then carried out to evaluate the effects of 
polymer molecular weight, molecular weight distribution (MWD) and the polymer-surfactant 
interaction on the fiber formation and morphological features.  The importance of increased 
 ii
chain entanglements due to high molecular weight component within the polydisperse system 
and the expansion of the coil dimension by binding the surfactant micelles have been recognized.  
The critical concentrations for incipient as well as stable fiber formation were determined. 
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CHAPTER 1: INTRODUCTION 
1.1 Thesis Organization 
This thesis is presented as a collection of various publications originating from this study.  
It is divided into four chapters.  This introductory chapter serves to familiarize the reader with 
the motivations and goals that have driven this project.  The second chapter is a literature review 
of relevant research which has facilitated the understanding of the basic principles upon which 
this project is based.  The third chapter is a compilation of journal articles that have either been 
published or submitted to peer-reviewed journals.  Finally, overall conclusions are presented in 
chapter four.  In addition, a basic summary of the various methodologies used in the experiments 
are also presented.  The specific details pertaining to the experiments are provided in the 
corresponding publications. 
1.2 Introduction 
1.2.1 In situ Forming Hydrogels 
Hydrogels are three-dimensional, hydrophilic, polymeric, networks containing large 
amounts of water or biological fluids [1].  In the past decade, research interest has shifted from 
preformed hydrogel implants to injectable formulations that form a gel in situ under 
physiological conditions using minimally invasive techniques.  In situ forming hydrogel 
compositions have been developed for diverse applications such as hemostats, tissue sealants, 
adhesion barriers, cell encapsulation, drug delivery and tissue engineering [2].  Several 
advantages include the possibilities to precisely control spatial application of the gel as well as 
the rate of gel formation.  Cells and various therapeutic agents may be easily incorporated into 
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liquid hydrogel formulations.  Most often in situ hydrogels are formed by the chemical 
crosslinking of water soluble polymers known as “macromers” to form swollen hydrophilic 
networks [2].  These water soluble macromers contain functionalities that enable polymerization 
by either step growth or chain growth mechanisms.  Optionally, macromers can also contain 
chemical groups capable of degrading in vivo [3-5], thus customizing the residence time of the 
hydrogel to meet the needs of the intended application. Both natural and synthetic polymers can 
be used for the production of hydrogels. Poly(ethylene glycol) (PEG) is a synthetic polymer that 
has been used extensively in biomedical hydrogel systems due to its excellent biocompatibility.  
Many PEG derivatives capable of polymerization by free radical polymerization methods have 
been reported [6-8].   
Initiation of the hydrogel forming polymerization reaction was demonstrated using either 
photochemical or redox methods.  Despite the large number of studies employing hydrogels from 
PEG acrylate and methacrylate macromers by both photo chemistry and redox chemistry [8-10], 
few studies [11] have addressed the comparative polymerization efficiency for various initiators 
or the effect of macromer structural features that influence polymerization efficiency. 
1.2.2 Electrospinning 
Electrospinning is one of the major ways to engineer sub-micron non-woven fibrous 
structures [12].  The work of Taylor and others on electrically driven jets has laid the ground 
work for electrospinning [13].  The non-woven structures produced by electrospinning technique 
have unique features including interconnected pores and very high surface-to-volume ratio.  
These advantages enable these fibrous scaffolds to have many applications such as products for 
sensor technology [14], tissue scaffolds [15], drug delivery systems [16], filtration and protective 
clothing [17].   
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The stability of these non-woven structures depends on the polymer composition, 
solution properties and processing procedures.  In the past few years, researchers have focused 
on developing and engineering the electrospinnabilities of new materials as well as the effects of 
process variables on the properties of the electrospun structures.  Several studies on the 
relationship between viscosity, polymer concentration, and fiber formation showed a good 
correlation between solution regimes and the occurrence of beads, beaded and uniform fibers in 
electrospinning of polymer solutions [18].  However, these results only occur with polymers of 
narrow molecular weight distribution.  It is necessary to study the dependence of the electrospun 
fibrous structures on polymer molecular weight distribution.    
The interactions between surfactant and suitable polymers have attracted attention in the 
production of nanofibers by electrospinning [16].  A number of nonionic polymers have been 
electrospun with ionic surfactants as a co-spinning agent to form uniform fibrous structures [19-
21].  The complexation between polymer and surfactant is best known to lead to a low surface 
tension and high solution conductivity which favor the stability of the solution jet and the 
formation of uniform fibrous structures [22-24].  Researchers have been focusing on the effects 
of surfactant on polymer electrospinnability with surfactant concentration around or well above 
the surfactant critical micelle concentration (CMC).  It’s important to establish systematic 
understanding of the effects of surfactant on solution rheology and electrospun polymer fibrous 
structures.   
1.3 Research Objectives 
The objectives of this work were:  
• to examine the efficiency of polymerization for water-soluble and biodegradable 
macromers using free radical initiation chemistry 
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• to optimize the polymerization conditions 
• to compare the physical properties and network structures of the resulting hydrogels.  
• to study the effects of polymer molecular weight distribution (MWD) on electrospun 
fibers 
• to determine the critical concentrations for incipient (ci) as well as stable (ce) fiber 
formation of electrospun polydisperse polymer solutions 
• to study the effects of polymer surfactant interactions on polymer coil dimensions and 
electrospinning morphologies 
• to determine the minimum effective surfactant concentration (cm) for complete fiber 
formation    
1.4 Methodology 
Macromer synthesis and characterization: All modified poly(ethylene glycol) (PEG) based 
macromers were synthesized using a one-pot solution polymerization procedure.  The purpose of 
this synthesis is to modify PEG diacrylate with 0 or an average of 6 lactate groups per chain.  
Macromer molecular weights (Mn and Mw) and polydispersity index (PDI) were determined 
using size exclusion chromatography (SEC).  Macromer composition was verified using proton 
nuclear magnetic resonance (1H NMR) spectroscopy and ion chromatography (IC).  The critical 
micelle concentration (CMC) values for macromer solutions were determined using Static Light 
Scattering (SLS).   
Hydrogel synthesis and characterization: Macromers were formulated by dissolution in 
deionized (DI) water at ambient temperature (21 oC) with concentrated redox and photo initiator 
solutions.  Uniaxial compression experiments were performed on the cylindrical gel samples by 
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dynamic mechanical analysis (DMA) at 37 oC with a compression clamp. Three samples were 
tested for each polymerization condition.  Averages and standard deviations were reported. 
Swelling studies were performed to determine how much water a polymerized hydrogel 
would take up in a 24 hour period. Macromer polymerization was quantified by the 
determination of unreacted acrylic acid liberated from exhaustive hydrolysis of the hydrogels by 
ion chromatography (IC).  The number average molecular weight between crosslinks ( cM ) and 
the mesh size (ξ) were also calculated. 
Preparation of  polydisperse polystyrene (published in the Proceedings of the ANTECTM 
2007): Six nearly monodisperse polystyrene samples with Mw ranging from 19,300 - 1,877,000 
g/mol were utilized to prepare a wide molecular weight distribution (MWD) sample with the 
desired polydispersities of 1.7, 2.5 and 3.3 while the number average molecular weights (Mn) 
were kept constant. 
Viscosity measurements (published in the Proceedings of the ANTECTM 2007): The 
viscosity of the solutions at ambient temperature (21°C) was measured using a digital cone-plate 
rheometer (Brookfield Model DV III) equipped with a cone-spindle.  The viscosity of the 
mixture was then measured at desired shear rates varied between 0.1s-1 and 250s-1.  The zero-
shear viscosity (ηo) was calculated based on power law equation: η=ηo
•
γ n-1, in which 
•
γ  is the 
strain rate and n is the flow index. 
Electrospinning (Submitted to the Journal of Applied Polymer Science): The solution 
mixture was loaded in a 1mL syringe equipped with an 18 gauge needle. The syringe was 
mounted horizontally on a syringe pump (EW-74900-00, Cole-Parmer). A grounded aluminum 
foil collector (10 cm × 10 cm) was positioned 10 cm from the tip of the needle. The syringe 
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pump was calibrated to achieve a flow rate of 0.1 mL/h for all experiments.  A desired potential 
voltage was applied to the needle immediately after a pendant drop formed at the tip.  The 
electrospun samples were sputter coated with gold-palladium and examined in a JEOL JSM-
7000F (Tokyo, Japan) scanning electron microscope (SEM).  
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CHAPTER 2: BACKGROUND 
2.1. In Situ Forming Hydrogels 
Hydrogels are three-dimensional, hydrophilic, polymeric networks containing large 
amounts of imbibed water or biological fluids [1].  Since the introduction of hydrogels as soft 
contact lenses in the 1960s [1], their uses have increased tremendously and nowadays they are 
favored in a broad range of pharmaceutical and biomedical applications.  In the past decade, 
research interest has shifted from preformed hydrogel implants to injectable formulations.  These 
formulations can be introduced into the body prior to solidifying or gelling within the desired 
tissue, organ or body cavity.  Many in situ forming hydrogel compositions have been developed 
in recent years for diverse applications such as hemostats, tissue sealants, adhesion barriers, cell 
encapsulation, drug delivery and tissue engineering [1-4].  In situ forming hydrogel systems are 
particularly advantageous for therapeutic modalities requiring injectable or minimally invasive 
application procedures.  In many cases it is possible to precisely control spatial application of the 
gel as well as the rate of gel formation.  Cells and various therapeutic agents may be easily 
incorporated into liquid hydrogel formulations.  Often, in situ hydrogels are formed by chemical 
crosslinking of water soluble polymers known as “macromers” to form swollen hydrophilic 
networks [5].  These water soluble macromers contain functionalities that enable polymerization 
by either condensation or free radical mechanisms [6].  Optionally, macromers can also contain 
chemical groups capable of degrading in vivo, thus customizing the residence time of the 
hydrogel to meet the needs of the intended application.   
Poly(ethylene glycol) (PEG) is a synthetic polymer that has been used extensively in 
biomedical hydrogel systems due to its excellent biocompatibility.  Many PEG derivatives 
capable of polymerization by free radical polymerization methods have been reported, including: 
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meth/acrylates [7-10], fumarate [11], cinnamylidene acetate [12] and nitrocinnamate [13].  In 
many of these cases, the polymerizable PEG macromers also include functionality allowing for 
degradation in vivo such as lactate [14], glycolate [14], glutarate [15], or succinate [16].   
Sperinde et al. [17] demonstrated the enzyme catalyzed synthesis of PEG-based hydrogel.  
Tetrahydroxy PEG was functionalized with glutaminyl groups.  Hydrogel networks were formed 
by the addition of trans-glutaminase to aqueous solutions of functionalized PEG and poly(lysine-
co-phenylalanine).  It was reported that the properties of the gel could be tailored by the ratio of 
functionalized PEG and the lysine copolymer.  In a more recent publication, the poly(lysine-co-
phenylalanine) was replaced by lysine end-functionalized PEG.  Hydrogels were obtained under 
similar physiological conditions [18]. 
Pioneering work in this area was performed by Hubbell and colleagues who synthesized 
macromers having a PEG central block, extended with oligomers of α-hydroxy acids and 
terminated with acrylate groups.  Hydrogel was formed by radical polymerization of the acrylate 
groups on the macromers.  These hydrogels were indeed biodegradable with PEG, lactic acid (or 
other α-hydroxy acids, depending on the macromer) and oligo(acrylic acid) as degradation end-
products.  The degradation time varied from 1 day to 4 months and could be tailored by the 
choice of macromer, especially by the choice of degradable link [14].  Metters et al. showed that 
the degradation could be accelerated by copolymerization of PEG-PLA macromers with acrylic 
acid [19]. 
Initiation of the hydrogel forming polymerization reaction was demonstrated using either 
photochemical or redox methods.  Subsequent studies by Hubbell and other laboratories largely 
employed photochemical initiation.  Radicals were generated after exposure to UV light of 
macromer aqueous solution to which a suitable photoinitiator was added.   The convenience of 
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single-part formulation and the delicate control of the polymerization using light as an external 
stimulus lead to the popularity of photopolymerization application.   
Balancing the many advantages of in situ hydrogel formation by photochemical initiation, 
is the requirement for an appropriate and dedicated light source.  In addition, photochemical 
initiation in a therapeutic setting entails an application step followed by an irradiation step.  The 
irradiation step usually requires nearly 1-minute of light exposure or longer to achieve high 
conversion.  For applications requiring instantaneous application and gelation, redox initiation 
may be considered.  Several redox pairs have been reported employing ascorbic acid [20], 
Tetramethylethylenediamine (TEMED) [21], or ferrous gluconate [22] as the reducing agent and 
persulfate salts (S2O8
2-) [20] hydrogen peroxide (H2O2) [22], or alkyl hydroperoxides as the 
oxidizing agent.  The redox formulations can be prepared separately as two liquid parts.  Upon 
mixing, the redox reaction generates free radicals which initiate crosslinking.  When desired, 
gelation can be nearly instantaneous.  
For many in situ hydrogel formulations, it may be possible to reach a gel point at a 
relatively low conversion of acrylate endgroups to poly(acrylate).  Jarrett et al.[23] plotted 
compressive modulus of photo polymerized PEG diacrylate macromer as a function of 
%converted acrylate measured by ion chromatography.  They found that a solid gel can be 
obtained at only 35% of acrylate conversion.  However, polymerization to high conversion is 
strongly preferred due to the potential for hydrolytic liberation of toxic acrylic acid from 
unpolymerized acrylate endgroups in therapeutic environment.  Furthermore, an in situ hydrogel 
composition with high conversion of acrylate endgroups will result in reproducible and 
consistent physical properties of the gel at the lowest possible macromer content.  Despite the 
large number of studies utilizing hydrogels from PEG acrylate and methacrylate macromers, few 
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studies have addressed the comparative polymerization efficiency for various initiators or the 
effect of macromer structural features that influence polymerization efficiency.   
2.2. Effects of Molecular Weight Distribution (MWD) on the Electrospinning 
Morphologies of Polymer Solutions 
Electrospinning has attracted much attention in the recent decades as a simple and 
versatile processing technique for producing sub-micron to nano-scale fibers [24]. The sizes of 
these non-woven fibrous structures are one to several orders of magnitude thinner than those 
fabricated by conventional melt or solution spinning.  Owing to the unique features such as very 
large specific surface-to-volume ratio and inter-connected porous structure, the electrospun fiber 
scaffolds can be adapted to be used in a broad range of applications such as sensor technology 
[25], catalysis [26], filtration [27], drug delivery systems [28] and protective clothing [29]. 
The solution viscosity of a homogeneous solution of a linear polymer can be described 
from the Huggins equation [31] as:  
ηsp=[η]c+kH([η]c)
2+…  (1) 
where ηsp is the specific viscosity, [η] is the intrinsic viscosity, c is the polymer concentration 
and kH is the Huggins coefficient. The dimensionless product of the intrinsic viscosity and the 
concentration, [η]c, is referred to as Berry number (Be) [30].  The significance of the Berry 
number arises from the fact that, for a solution to have chain entanglements, Be>1.   
The intrinsic viscosity, [η], can be related to the molecular weight (Mw) of a linear 
polymer by the Mark-Houwink-Sakurada equation [32]: 
[η]=KMw
α  (2) 
in which the constants K and α depend on the polymer, solvent and temperature [32].  Several 
regimes can be drawn for polymer solution based on the chain overlapping.  The critical chain 
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overlap concentration, c*, is the crossover concentration between the dilute and semi-dilute 
concentration regimes which can be expressed as c*~1/[η]. This criterion can be translated to 
what was discussed before regarding Be>1 as the limit of the chain entanglement.  In dilute 
polymer solutions, the solution viscosity is proportional to the concentration. A scaling concept 
was established by Colby et al. [33] between solution viscosity and concentration, with a strong 
viscosity dependence on concentration (η~c4.5).   
Several studies have shown that the onset of fiber formation and the minimum 
concentration for uniform fiber formation vary with the polymer/solvent type, molecular weight 
(Mw) and molecular weight distribution (MWD) of the polymers. These studies allow the 
prediction of the polymer concentration for successful electrospinning.  Koski et al. [34] used 
Berry number to discuss the minimum concentration needed to obtain stabilized fibrous structure.  
For aqueous poly(vinyl alcohol) (PVA) solutions investigated in their work, the minimum 
concentration corresponds to Berry number [η]c>5.  Mckee et al. [35] determined the semi-dilute 
unentangled and semi-dilute entangled concentration regimes on the electrospinning process for 
a series of linear and branched (ethylene terephthalate-co-ethylene isophthalate) copolyesters. 
They concluded that the entanglement concentration (ce) is the minimum concentration for 
electrospinning of beaded nano fibers, while 2-2.5 times ce was the minimum concentration 
required for electrospinning uniform, defect-free fibers.  Shenoy et al. [36] defined the 
entanglement number in solution (ne)soln as the following equation:   
e
w
solne
M
cM
n =)(
 (3)
 
in which, Mw is average polymer molecular weight,  Me is the entanglement molecular weight, 
and c is the solution concentration.  A correlation between chain entanglements and fiber 
formation was established based on experimental data obtained from electrospinning of several 
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polymer/solvent systems. Complete, stable fiber formation occurred at the number of 
entanglements (ne)soln≥2.   
Gupta et al. [37] studied the scaling relation between viscosity and solution concentration 
of a series of seven linear poly(methyl methacrylate) (PMMA) homopolymers.  The chain 
overlapping concentration, c*, was determined and correlated with the solution regimes.  Only 
polymer droplets were observed to form from electrospinning of solutions in the dilute 
concentration regime (c/c*<1), droplets and beaded fibers were observed in the semidilute 
unentangled regime (1<c/c*<3), beaded as well as uniform fibers were observed in the 
semidilute entangled regime (c/c*>3) and uniform fiber formation was observed at c/c*~6 for all 
the narrow MWD polymers.  They also compared the electrospinnability between relatively 
broad MWD PMMA and narrow MWD PMMA.  Results showed that for the broad MWD 
polymers, uniform and bead-free fibers formation occurred at higher concentrations 
(c/c*=9.7~10.1) in contrast to the narrow MWD PMMAs’ requirements of c/c*~6.  Such 
difference, as explained by the authors, was due to the presence of the relatively small polymer 
chains that have small hydrodynamic volumes.  Subsequently, during the process of plastic 
stretching, these small polymer chains acted as a weak link that caused a premature breakup of 
local “chain-chain coupling” within the jet, resulting in the formation of polymer droplets.  As a 
result, higher concentration and viscosity were needed to attain sufficient entanglement density 
and to allow uniform fiber formation for the relatively broader MWD polymer when compared to 
the narrow MWD PMMA with an equivalent Mw. 
It is well documented that viscosity of polymeric fluid is profoundly influenced by 
polymer MWD [38-43].  Gupta et al. [38] reported that the viscosity depended on the relaxation 
time necessitated by the individual components.  In the solution of monodisperse polymer, all the 
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polymer chains had nearly the same hydrodynamic volume that resulted in a very sharp spectrum 
of relaxation times.  In contrast, in a solution of polydisperse polymer, there was a wide 
distribution of hydrodynamic radii and relaxation times, in which larger components had slower 
relaxation times and smaller components had faster relaxation times.  Ye and Sridhar [39] also 
observed a broader and gradual relaxation spectrum of a polydisperse solution than that of a 
monodisperse solution with Mn being constant.  The broadening of the relaxation time spectrum 
lead to higher solution viscosity under extensional stress and increased shear rate dependence of 
the polymer solution.  To describe the intrinsic viscosity of polydisperse polymer solutions, 
several models were developed in the format of power law dependence [η]=(const.)Mt
a, with Mt 
as the dominant molecular weight [40-43].  
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2.3. Effects of Additive on Electrospinning of Polymer Solutions 
The main defects of electrospun fibers are considered to be beads and beaded fibers. 
During electrospinning processes, they can be widely observed distributed in the electrospun 
structures.  The beaded structure can be eliminated by increasing the solution concentration.  
However, as a consequence, increase in fiber diameter is usually observed [44].    
Several attempts have been made to eliminate beads by incorporating a small amount of 
additives in electrospinning polymer solutions including ionic salts [45], surfactants [46-50] and 
polyelectrolytes [51].  The additions of viscosity modifiers to electrospinning solutions were also 
reported [52,53].  Among these attempts, the interactions between surfactant and suitable 
polymers have attracted greater attention in the production of uniform nanofibers by 
electrospinning.  A number of nonionic polymers have been electrospun with surfactants as a co-
spinning agent to form uniform fibrous structures [46-50].  Various results were reported based 
on the nature of the surfactant.  The three basic types of surfactant: nonionic, cationic and 
anionic were tested.  Bhattarai et al. [46] studied the effects of a nonionic surfactant Triton 
X100TM on the electrospinnability and structural uniformity of chitosan/poly(ethylene oxide) 
aqueous solutions.  Results showed that the addition of the surfactant substantially improved the 
electrospun structure.  However, bead-like structures were still seen embedded in the fibers.  The 
effects of the same nonionic surfactant on electrospun structures of 
polyvinylpyrrolidone/water/ethanol solution were studied by Wang et al. [47]. Results showed 
that the addition of the surfactant greatly reduced the solution surface tension and substantially 
lowered the threshold voltage.  A non-spinnable 48 wt.% PVP solution yielded sub-micron size 
uniform fibers on the order of 780 nm with the addition of surfactant.  Kriegel et al. [48] 
evaluated the effects of a cationic surfactant, dodecyl trimethyl ammonium bromide (DTAB), on 
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the fiber formation of the chitosan-poly(ethylene oxide) (PEO) aqueous solutions.  It was shown 
that the cationic surfactant had only minor effects on the fiber uniformity.  Anionic surfactant 
such as sodium dodecyl sulfate (SDS) has been widely used in enhancing the electrospinnability 
of polymer solutions.  Nagarajan et al. [49] successfully demonstrated the electrospun fiber 
formation of a gel forming, genetically engineered silk-elastin biopolymer by complexation with 
SDS.  Wang et al. [50] showed that the addition of 1 wt.% SDS can dramatically decrease the 
fiber diameter of electrospun poly(vinyl alcohol) solutions.  In these studies, however, 
researchers have been focusing on the effects of the addition of surfactant on polymer 
electrospinnability with surfactant concentration well above the surfactant critical micelle 
concentration (CMC).  It was stated that the complexation between polymer and surfactant lead 
to low surface tension and high solution conductivity which favored the stability of the solution 
jet, thus allowing for formation of uniform fibrous structures.  Overall, systematic studies had 
been rarely done to address the importance of molecular interactions between polymer and 
surfactant. 
Polymer coil dimension change by molecular interactions with surfactant can be used to 
explain the electrospinning behavior.  The conformation change of polyvinylpyrrolidone (PVP) 
binding with a series of surfactants was previously studied [54-58].  The binding mechanism 
changed depending on the different nature of surfactants.  Molyneux et al. [54] observed the 
complexation between PVP and nonionic surfactant introduced coil contraction as a result of 
both hydrogen bonding and increase in polymer hydrophobicity, while cations had no effect on 
PVP chain dimensions due to the lack of binding.  Interestingly, when binding with anionic 
surfactants, both contraction and expansion of PVP coils were observed [55,56].  It was reported 
that conformation changes depended on anionic surfactant concentration.  When surfactant 
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concentration was above its critical micelle concentration (CMC), the polymer surfactant 
complex could be visualized by the 'necklace model' [57], as a series of spherical micelles with 
their surfaces covered by polymer segments and connected by strands of the same polymer 
molecules.  The binding with micelles expanded PVP coil.  However, at concentrations below 
CMC, contraction of the PVP coil occurred.  By absorbing the surfactant anions, PVP essentially 
becomes a charged polyelectrolyte, the charges stretching the polymer chain just as they do in 
structural polyelectrolytes [58].  Studies showed that the anions had a salting-in effect on the 
amide groups (=N-CO), but a salting-out effect on the hydrocarbon backbone of the PVP chain 
[55].  As a result, the anions would attract the amide groups while repelling the rest of the 
molecule.  The electrostatic repulsions lead to the rearrangement of the PVP coil into a smaller 
dimension.  Thus, the anion bounded molecules tended to be salted-out from the solvent. With 
increasing anionic surfactant concentration, the charge density of PVP chain was anticipated to 
increase.  The increasing repulsion between the charges could further disturb the formation of 
inter-molecular bonds between PVP coils.  Overall, such intra-molecular interactions by the 
surfactant anions bind to the polymer segments lead to the shrinking of the polymer coil.  
However, it was reported that the charge repulsion depended on polymer chain length and the 
shrinking effect was also likely to have less influence on larger molecules than molecules with 
lower Mw [55].   
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Abstract 
A series of poly(ethylene glycol)-co-poly(lactate) diacrylate macromers was synthesized with 
variable PEG molecular weight (10 and 20 kDa) and lactate content (0-6 lactate per endgroup).  
These macromers were polymerized to form hydrogels by free radical polymerization using 
either redox or photochemical initiators.  The extent of polymerization was monitored by 
compressive modulus of the resulting hydrogels and a quantitative determination of unreacted 
acrylate after exhaustive hydrolysis of the gel.  Polymerization efficiency was found to depend 
on the lactate content of the macromer, with higher lactate macromers giving more efficient 
polymerization.  For redox-initiated polymerization using ferrous gluconate/t-butyl 
hydroperoxide initiator, macromers containing approximately six lactate repeats per endgroup 
required lower concentrations of initiator to reach high conversion than lactate-free macromers.  
Photochemical polymerization with α, α-dimethoxy-α-phenylacetophenone (Irgacure 651®) was 
found to be less efficient than redox, requiring the addition of N-vinyl-2- pyrrolidone (NVP) as a 
co-monomer to achieve conversions comparable to redox polymerization. When conditions were 
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optimized to provide near complete conversion for all gels the presence of lactate repeat units in 
the hydrogel was generally found to reduce swelling and increase compressive modulus.  
Calculated values of molecular weight between crosslinks (Mc) and mesh size using Flory-
Rehner theory showed that macromer molecular weight had the greatest impact on network 
structure of the gel.   
 
Keywords 
Poly(ethylene glycol), hydrogel, free radical, redox initiator, photoinitiator, polymerization, in 
situ 
 
1. Introduction 
In situ forming hydrogels represent a significant and versatile class of biomedical polymers.  
Many in situ forming hydrogel compositions have been developed in recent years for diverse 
applications such as hemostasis, tissue sealing, adhesion prevention, cell encapsulation, drug 
delivery and tissue engineering[1-7].  In situ forming hydrogel formulations are particularly 
advantageous for therapeutic modalities requiring injectable or minimally invasive application 
procedures.  Cells and various therapeutic agents may be easily incorporated into liquid hydrogel 
formulations.  Often in situ hydrogels are formed by the polymerization of water soluble 
telechelic polymers known as “macromers”[8, 9] .  These water soluble macromers contain 
functionalities that enable polymerization by either condensation or free radical mechanisms.  
Optionally, macromers can contain chemical groups capable of degrading in vivo, thus tailoring 
the residence time of the hydrogel to meet the needs of the intended application. 
 
Polyethylene glycol (PEG) is a synthetic polymer that has been used extensively in biomedical 
hydrogel systems due to its excellent biocompatibility.  Many PEG derivatives capable of 
polymerization by free radical methods have been reported. Most commonly, these are 
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functionalized with acrylate and methacrylate groups at the chain ends [10-13], however 
fumarate[14], and other derivatives polymerizable via a free radical mechanism are known [15, 
16].  In many of these cases, the polymerizable PEG macromers also include functionality 
allowing for degradation in vivo such as lactate, glycolate, glutarate or succinate[8, 17, 18].   
 
Pioneering work in this area was performed by Hubbell and colleagues who used acrylate 
terminated PEG macromers to produce hydrogels crosslinked through a free radical 
polymerization mechanism[8, 19, 20].  Initiation of the hydrogel forming polymerization was 
demonstrated using either photochemical or redox methods.  Subsequent studies by Hubbell and 
other laboratories largely employed photochemical initiation, owing to the convenient single-part 
formulation, and the exquisite control of the polymerization under mild and biocompatible 
conditions[21, 22] using light as an external stimulus.   
 
Balancing the many advantages of in situ hydrogel formation by photochemical initiation, is the 
requirement for an appropriate and dedicated light source.  In addition, photochemical initiation 
in a therapeutic setting entails an application step followed by an irradiation step.  The irradiation 
step usually requires nearly 1-minute of light exposure or longer to achieve high conversion.  For 
applications requiring instantaneous application and gelation, redox initiation may be preferred.  
Redox formulations are typically prepared using a 2-part liquid format.  Upon mixing, the redox 
reaction generates free radicals which initiate polymerization.  For optimized formulations, 
gelation can be nearly instantaneous.  Free radical polymerization of macromers for in situ 
hydrogel formation has been reported using common redox initiators such as persulfate/TEMED, 
ferrous gluconate/HOOH, and others[23-27].   
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For many in situ hydrogel formulations it may be possible to reach a gel point at relatively low 
conversion of acrylate endgroups to poly(acrylate), however polymerization to high conversion 
is strongly preferred.  An in situ hydrogel composition with high conversion of acrylate 
endgroups will result in reproducible and consistent gel physical properties as a function of 
macromer content.  Also, the potential for hydrolytic liberation of toxic acrylic acid from 
unpolymerized acrylate endgroups in the therapeutic environment can be minimized.  Despite the 
large number of studies employing hydrogels from PEG acrylate and methacrylate macromers, 
few studies have addressed comparative polymerization efficiency for various initiators and the 
effect of macromer structural features on polymerization efficiency.  In this report, we examine 
the efficiency of polymerization for several simple PEG diacrylate macromers comparing redox 
and photochemical initiation processes.  In addition, we illustrate the importance of hydrophobic 
modification of macromer structures on the efficiency of polymerization.  For our model system, 
efforts have been made to optimize the polymerization conditions and compare the physical 
properties of the resulting hydrogels at similarly high acrylate conversion.  To characterize 
network structure the average molecular weight between crosslinks and the mesh size were 
calculated from hydrogel swell data. 
 
2. Materials and methods 
2.1. Materials 
Polyethylene glycol (PEG) with molecular weights of 10,000 g/mol and 20,000 g/mol, Tin(II) 2-
ethylhexanoate (stannous octoate), DL-lactide, triethylamine (TEA), acryloyl chloride (AC), 
hydroquinone (HQ), the redox initiator ferrous gluconate dihydrate (Fe(Glu)2H2O) and tert-butyl 
hydroperoxide (tBHP) as well as the photo initiator 2,2-dimethoxy-1,2-diphenylethan-1-one 
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(Ciba Irgacure 651®), N-vinyl pyrrolidone (NVP) and N-methyl-2-pyrrolidone (NMP) were all 
purchased from Sigma-Aldrich (Milwaukee, WI). Toluene, hexane and isopropyl alcohol (IPA) 
were purchased from J.T.Baker (Phillipsburg, NJ). Phosphate-buffered Saline (PBS) was 
purchase from Gibco (North Andover, MA).  All chemicals used were of reagent grade and were 
used without further purification. 
 
2.2. Macromer synthesis 
All modified PEG macromers were synthesized using a one-pot procedure in toluene.  The 
synthesis of 20K PEG diacrylate modified with 6 lactate groups per chain end is briefly 
described below.  Linear polyethylene glycol 20 kDa (100 g, 10 meq in hydroxyl endgroups) was 
dissolved in 1300 mL of toluene under dry nitrogen atmosphere in a 2-liter round bottom flask 
fitted with magnetic stirring.  Azeotropic distillation was performed until a total amount of 1000 
mL of toluene was removed.  The resulting solution (approximately 30% wt./vol.) was then 
allowed to cool to 80°C.  A toluene solution of stannous octoate (40 mg in 2 ml) was added 
followed by the addition of DL-lactide solid (10.8g, 75 mmol).  The ring-opening polymerization 
reaction was performed at 112-115 °C for 24 hr under nitrogen atmosphere with light reflux.  An 
additional 1000 mL of toluene were then added to the solution and it was allowed to cool to 
45°C.  Triethylamine (5.2 mL, 37.3 mmol) was then added in one portion followed by the 
dropwise addition of acryloyl chloride (2.50 ml, 30.9 mmol) at a rate maintaining reaction 
temperature between 45 -50°C.  The reaction mixture was stirred at 45°C for two hours under 
nitrogen atmosphere and then vacuum filtered through a coarse glass frit removing TEA-
hydrochloride salt.  The filtrate was collected and passed through a short column of alumina (200 
g) in toluene providing a clear, colorless solution.  A hydroquinone/acetone solution (30 mg/5 
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ml) was added to the filtrate as a stabilizer.  This solution was then slowly poured in to a 2000 
mL of hexane with moderate magnetic stirring.  A white precipitate was immediately evident.  
After the addition, the mixture was allowed to stir for 30 min.  The final product was collected 
by vacuum filtration through a Büchner funnel equipped with a medium glass frit and dried 
under vacuum at ambient temperature for at least 12 hours.  A dry white powder (84 g, 80% of 
theoretical yield) was obtained.  The macromer was stored at -20°C in an amber bottle under dry 
argon. 
 
2.3. Macromer characterization 
Macromer molecular weight (Mw) was determined using size exclusion chromatography (SEC).  
A gel permeation chromatograph with a TSK G4000SW column was used.  The mobile phase 
was 50/50 IPA/water (isocratic) and the flow rate was 0.4 mL/min.  A refractive index detector 
was used for determination of mass concentration and a Wyatt multi-angle-laser-light-scattering 
(DAWN EOS MALLS) detector was used for precise Mw determination.   
 
Macromer composition was verified using proton nuclear magnetic resonance (1H NMR) 
spectroscopy.  Spectra were measured using Bruker AVANCE II, 400MHz instrument.  Samples 
were prepared in deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as an internal 
standard.  NMR signals corresponding to the PEG methylene protons were observed at δ = 3.4-
3.9 ppm.  NMR signals at δ = 4.2 - 4.3 ppm were assigned to the terminal PEG methylene 
protons. Signals at δ = 5.0 - 5.25 ppm and δ = 1.4 - 1.6 ppm represent the lactate methine and 
methyl protons respectively.  Acrylate proton signals were seen at δ = 5.9, 6.2 and 6.4 ppm.  The 
number of lactate and acrylate functional groups per chain end group was determined from the 
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ratio of the integrated peak areas for the appropriate NMR signal using a conversion factor 
derived from the total PEG integral and the determined molecular weight of the PEG starting 
material from SEC-MALLS.  Thus, a 10kDa PEG macromer terminated by 6 lactate repeats per 
chain end and end capped with acrylate units was designated 10K(L6A)2.    
 
CMC values for macromer solutions were determined using Static Light Scattering (SLS).  SLS 
measurements were performed with a DAWN-DSP Laser Photometer (Wyatt Technology Inc) in 
batch mode.  A He-Ne laser with 658nm (Spectra-Physics 124B) light source was used. The 
instrument was calibrated with pure toluene by taking the Rayleigh ratio at room temperature (21 
oC) as 1.406 × 10-5 cm-1. Samples were prepared at a broad range of concentrations from 0.005% 
to 5%. The solutions were filtered through PALL Acrodisc PF 0.8/0.2µm syringe filters (PALL 
Corporation). The solutions were maintained at 21.0 ± 0.1°C during the scattering experiments.  
The photometer provided a detector response in mV that is correlated to the amount of light 
scattered by the sample at an angle of 90°.  Detector response readings were plotted vs. 
macromer concentration.  In the portion of the plot where detector response increased linearly 
with concentration, this linear relationship was extrapolated to zero to determine the CMC value. 
  
2.4. Macromer polymerization 
Macromers were formulated by dissolution in deionized (DI) water at ambient temperature (21.0 
°C) to achieve a final concentration of 10% (wt./vol.).  For redox polymerization, concentrated 
aqueous solutions of Fe(Glu)2H2O and tBHP were prepared and separately added to two 10% 
macromer aqueous solutions providing the desired molar concentrations of initiator.  The 
reducing and the oxidizing precursor solutions were then loaded into separate sides of a mini-
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dual syringe (4B19 – 2 mL x 2 mL, 1:1 Ratio, Plas-Pak Industries, Inc. Norwich, TC) equipped 
with a Micro-mixer (3mm x 8 Element needle tip, Plas-Pak Industries, Inc. Norwich, TC).  The 
plunger was depressed to dispense 0.25 mL of the mixed formulation into a cylindrical Teflon 
mold with a diameter of 0.8 cm.  Polymerization took place within seconds, and the hydrogel 
could easily be removed from the Teflon mold for analysis.  For photopolymerization, a 
photoinitiator stock solution was prepared by dissolving desired amounts of Irgacure 651® in 
either NVP or NMP.  Calculated amounts of the photoinitiator solution were then added to a 
10% macromer aqueous solution.  A 0.25 mL volume of the precursor was pipetted into the same 
Teflon mold used for redox polymerization. The filled mold was exposed to a UV light source 
(365nm, 50 mW/cm2) for 40 seconds.  
 
2.5. Hydrogel characterization 
Uniaxial compression experiments were performed at 37°C on the cylindrical gel samples 
prepared as described above (0.6 cm diameter, 0.5 cm height). A dynamic mechanical analysis 
instrument (Model Q800, TA Instruments, New Castle, DE) with a compression clamp was 
ussed. The sample was loaded on the clamp stage under a pre-load force of 0.001N. An 
isothermal condition at 37o C was then applied for 1 min.  With a force ramp rate of 0.5N/min, 
the compression force was loaded up to 5.0 N.  The compressive modulus was calculated as the 
slope of the initial linear portion of the stress-strain curve (strain 5%-15%). Three samples were 
tested for each polymerization condition.  Averages and standard deviations were reported. 
 
Swelling studies were performed to determine how much water a polymerized hydrogel would 
take up in a 24 hour period. The wet weight of the as-polymerized sample was measured as m0.  
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Three samples from each formulation were weighed and incubated in PBS at 37o C for 24 hours.  
After incubation, the swollen samples were removed from solution, carefully blotted to remove 
external surface droplets, and weighed again to obtain m24.  The percentage weight gain was 
calculated as 
100
0
m
0
m
24
m
%swelling ×
−
=  (1) 
Macromer polymerization was quantified by the determination of unreacted acrylic acid liberated 
from exhaustive hydrolysis of the hydrogels.  Ion Chromatography (Dionex ICS3000 with eluent 
generator and conductivity detector equipped with Dionex AS11-HC column, Dionex AG11-HC 
guard column and ASRS300 suppressor) was used to quantify acrylic acid as well as lactic acid 
after hydrolysis.  Approximately 10 mg of macromer solid or 100 mg of a 10% gel were 
hydrolyzed in 2 mL of 0.2 N NaOH at 80°C for one hour. After cooling to room temperature, the 
solution was diluted with water to achieve a final concentration of 25 mL. Calibration curves for 
acrylic acid and lactic acid aqueous solutions were obtained to show linear response in the 
concentration range of interest (20 to 500 µM for lactic acid and 10 to 250 µM for acrylic acid 
with limits of detection for both lactic acid and acrylic acid are around 1µM with 10 µL).  Based 
on the peak areas for lactic acid and acrylic acid, the concentrations (µM) of lactic and acrylic 
acid were determined using the calibration curves.  
 
The number average molecular weight between crosslinks, cM , was calculated using the Flory-
Rehner equation as modified by Peppas and Merrill[5, 28] for hydrogels prepared in water.  
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where Mn is the number-average molecular weight of the uncrosslinked polymer (the molecular 
weight of the macromer), υ  is the specific volume of bulk amorphous PEG (0.893 cm3/g), and V1 
is the molar volume of water (18cm3/mol).  A value of 0.426 was used for the Flory-Huggins 
polymer-solvent interaction parameter χ (PEG/water)[29], and this was assumed constant for all 
gels[30].  The parameters υ2r and υ2s are respectively the volume fraction of polymer in the 
relaxed gel and swollen gel.  These are defined in the following expressions: 
P
P
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P
r υ
υ
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s
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s υ
υ
υ =,2   (3) 
Where υP is the bulk polymer volume, WP is the weight of the dry polymer, ρP is the bulk density 
of the polymer, υr is the volume of the gel as initially prepared and υs is the volume of the 
swollen gel calculated from υr and our measured %swell value.   
 
The mesh size was calculated by first computing the end-to-end distance of the solvent-free state, 
2
0
−r  described by Canal and Peppas[31]: 
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in which l  is the average bond length (typically 1.50Å is used for PEG), Mr is the molecular 
weight of the PEG repeat unit (44 g·mol-1), Cn is the characteristic ratio for PEG (a value of 4.0 
value was used [32]). 
The mesh size,ξ , can then be calculated by equation 5. 
( ) 3/1,22/120 −−= sr υξ    (5) 
  
3. Results   
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3.1. Macromer synthesis and characterization 
Macromers were synthesized from the modification of 10K and 20K linear PEG diols in a two-
step, one-pot procedure in toluene.  The number of lactate and acrylate functional groups 
incorporated in the macromer structure was estimated by proton NMR spectroscopy and 
quantified by the determination of lactic acid and acrylic acid in macromer hydrolysate using IC.  
The estimated of macromer composition from the integration of NMR signals were consistent 
with the estimated IC results (Table 1).  SEC-MALLS analysis was performed using an 
IPA/water eluent in order to eliminate artifacts due to macromer aggregation in aqueous media.  
Weight-average molecular weight (Mw) values are shown in Table 1.  The molecular weight of 
the PEG diol starting material and the PEG macromers are consistent with expectations and the 
SEC chromatograms are nearly super imposable, suggesting no significant change in 
polydispersity between the initial PEG diols and the macromers derived from them.   
 
It is known that the PEG chains modified at their chain ends with hydrophobic groups form 
micellar structures in aqueous solution[33-35].  Static light scattering (SLS) was used to probe 
the aqueous solution aggregation of our macromers as well as unmodified PEG.   The mean 
intensities of the scattered light as a function of the solution concentration are plotted in Figure 2.  
The lactate-containing macromers were shown to have very low CMC values: 
10KPEG(L6.2A0.95)2 CMC = 0.22% w/v,  20KPEG(L5.8A0.95)2 CMC = 0.13% w/v.  However, 
aggregation of lactate-free PEG diacrylates was not discernable using this method.  For these 
macromers the low scattering intensity observed at high concentrations was nearly identical to 
that of the unmodified PEG diols (Figure 2).  
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3.2. Macromer polymerization with redox initiation 
Macromers were formulated in a 2-part liquid format including Fe(Glu)2H2O in part-A and 
tBHP in part-B.  Both solutions contained 10% macromer.  Rapid formation of gel was observed 
upon mixing the two solutions.  A series of gels was prepared at constant tBHP concentration 
(1.94 mM in part-B solution) varying the concentration of Fe(Glu)2H2O in the part-A solution.  
Dynamic mechanical analysis of these gels showed a steady increase of compressive modulus 
with increasing Fe(Glu)2H2O concentration leading to a plateau value (Figure 3; a1-d1).   
Repeating this experiment at constant Fe(Glu)2H2O concentration (6.20 mM in part-A) and 
varying the concentration of tBHP provided a similar result (Figure 3; a2-d2). The lactate-
containing macromers require lower initiator concentrations to reach the plateau region.    
  
From this analysis, optimal concentrations for both Fe(Glu)2H2O and tBHP were used to 
formulate macromers and prepare gels for a determination of acrylate conversion by IC and to 
study swelling behavior.  As seen in Table 2, optimized gels provided compressive modulus 
values consistent with the initial optimization experiment.  In general, under these optimized 
conditions residual unreacted acrylate was found by IC to be very low. Swelling at 37°C for 24 
hours showed that although compressive modulus values were similar for gels with or without 
lactate, the lactate-containing gels swelled considerably less (2-3X) than the lactate-free gels.  
Also the 20K PEG gels swelled considerably more (2-3X) than the 10K PEG gels. 
 
3.3. Macromer polymerization with photochemical initiation 
Macromers were formulated with Irgacure 651® dissolved in the inert solvent N-methyl-
pyrrolidone (NMP) providing homogeneous solutions that could be polymerized to form gels 
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after UV irradiation.  An experiment to determine optimal Irgacure concentrations was 
performed using a constant 40 second illumination time.  This experiment showed that the 
formulations of lactate-modified macromers polymerized to form hydrogels with compressive 
modulus increasing with greater Irgacure concentrations, but these gels did not achieve 
comparable modulus values as high as the redox polymerized gels.  Furthermore, the lactate-free 
macromer formulations formed no gels under these conditions (Figure 4; a1-d1).   
This experiment was repeated using formulations in which Irgacure had been dissolved in N-
vinyl-2- pyrrolidone (NVP), a reactive monomer for free radical polymerization.  NVP 
concentrations were then adjusted so all formulations contained the same concentration (13.5 
mM).  By substituting NVP in place of NMP, all formulations gave gels including those for the 
lactate-free macromers (Figure 4; a2-d2).  Formulations with lactate-modified macromers gave 
gels with higher compressive modulus values, similar to those obtained using redox initiators.   
Dependence on NVP was then investigated at a constant Irgacure concentration (1.76 mM).  
Under these conditions, lactate-modified macromers were found to achieve compressive 
modulus plateau values similar to those seen for comparable redox gels when NVP concentration 
reached the 9-13 mM range for 10K macromers and 4.5-9 mM range for 20K macromers, as 
shown in Figure 5 (series b and d).  However, for lactate-free macromers, compressive modulus 
values at these concentrations of NVP were still low and continued to increase as NVP 
concentration was raised even higher (see Figure 5; series a and c).  
Gel samples were then prepared using photochemical initiation with using conditions judged to 
be optimal. As seen in Table 3, modulus values for photopolymerized gels with NVP were 
comparable to the redox polymerized gels.  However, lactate-free gels gave lower acrylate 
conversion than the comparable redox gels.  These lactate-free hydrogels were found to swell 
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less than comparable redox gels despite their lower acrylate conversion; however due to the large 
amount of NVP co-monomer used, these gels are expected to have properties different from the 
NVP-free, redox-initiated gels.  In this regard we find that incorporation of NVP in the gel 
results in a firmer, and lower swelling network. 
 
3.4. Average molecular weight between crosslinks ( cM ) and mesh size (ξ) calculation 
Hydrogel swell data were used to calculate gel network properties using the well known 
equations 2 and 5.  We measured swell (37°C, PBS) for the hydrogels of this study at 24 hours 
and calculated the values for average molecular weight between crosslinks ( cM ) and mesh size 
(ξ) shown in Table 4.  For redox initiated polymerization, a larger mesh size was calculated for 
hydrogels derived from the 20kDa macromers relative to the 10kDa macromers.  Also, the 
lactate-free macromers gave gels with slightly larger mesh size than the lactate-modified 
macromer of the same molecular weight.  Similar trends were seen for the gels from photo 
initiated polymerization, but the incorporation of NVP in the gel structure minimized the 
influence of lactate content on mesh size.  Similar values have been reported by Cruise et al [36] 
who determined average molecular weight between crosslinks and mesh size for a 10% 20K 
PEG diacrylate gel polymerized using an interfacial procedure and visible-light photochemical 
initiation (ethyl eosin/triethanolamine).   
 
4. Discussion 
4.1 Macromer Synthesis and Characterization 
Synthesis of modified PEG macromers in a 1-pot procedure in toluene was convenient and 
relatively efficient.  It was found that with this procedure that a 2.5X molar excess of lactide was 
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required over the amount of modification targeted.  Effective acrylation was observed using 2X 
molar excess of acryloyl chloride.  Purification was achieved by filtration through alumina rather 
than multiple dissolution-reprecipitation cycles.  The alumina filtration method has been reported 
for the purification of other modified PEG materials[37, 38]and was effective in our hands as 
demonstrated by NMR spectra free of peaks other than those expected for the desired product.  
Material yields were typically 80% or higher.  Though the compositional analysis from NMR 
was approximate, this method agreed well with the true macromer composition determined 
through exhaustive hydrolysis of macromer in NaOH solution followed by lactate and acrylate 
determination by ion chromatography.   
 
When examined in dilute aqueous solution using static light scattering, none of the macromers in 
this study scattered light at concentrations below 0.1 wt%.  For the lactate-free macromers, a 
small amount of scattering was observed at concentrations in the 0.5 - 1 wt% range, however we 
found that unmodified PEG provided a similar scattering result.  An equivalent result was found 
for lightly lactate modified macromers 10KPEG(L2A)2 and 20KPEG(L2A)2 (data not shown).  In 
contrast, a significant amount of scattering at low concentration was observed for the PEG(L6A)2 
macromers.  This dramatic difference supports the conclusion that the lactate-free macromers are 
well solvated in water (similar to unmodified PEG), but the L6 macromers form structured 
solutions (micelles or solution aggregates) that strongly scatter light at very low concentrations.  
The low CMC values (0.22%w/v for 10KPEG(L6A)2  and 0.13wt%w/v for 20KPEG(L6A)2) are 
consistent with those reported for other hydrophobically modified PEG derivatives[39].    
 
4.2 Macromer polymerization with redox initiation 
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When formulated with Fe(Glu)2H2O and tBHP, all macromers in this study formed gels within 
seconds of mixing.  Variation of initiator concentration using compressive modulus as a measure 
of gel formation revealed that above a critical initiator concentration a plateau modulus value 
was achieved for all macromers.  This result suggests that a maximum degree of crosslinking had 
been reached.  For both 10K and 20K macromers, this plateau modus value was reached at 
significantly lower initiator concentration for the lactate-containing macromers than the lactate-
free macromers.  Subsequent IC analysis of unreacted acrylate in hydrogels made with an 
optimized redox formulation confirmed that indeed only very small levels of acrylic acid could 
be detected.  The higher polymerization efficiency observed for the lactate-containing macromer 
solutions is attributed to the increased local concentration of acrylate groups within hydrophobic 
environments of the structured solutions, allowing a more efficient propagation reaction in free 
radical polymerization[34, 35].  
 
4.3 Macromer polymerization with photochemical initiation 
In the absence of NVP as an accelerating co-monomer, the crosslinking efficiency observed for 
photopolymerization with Irgacure 651® was surprisingly poor relative to the redox initiated 
formulations.  The water-soluble photoinitiator Irgacure 2959, frequently reported for PEG 
diacrylate photopolymerization[22], also provided low modulus gels and required long 
irradiation times in the absence of NVP (data not shown).  Literature reports of PEG-acrylate 
photopolymerization most often include NVP in the formulation, and in our study we find this 
co-monomer to be critical for efficient photopolymerization.  Published reports [40-42] have 
proposed that a dramatic improvement of photopolymerization efficiency for acrylate monomers 
in the presence of NVP is derived from a 1:1 NVP/acrylate charge transfer complex as an active 
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intermediate in the polymerization reaction.  In our study, 10% formulations of 10K and 20K 
macromers containing 20 meq and 10 meq acrylate respectively showed a maximum benefit of 
added NVP when co-monomer equivalents rose to levels matching the number of acrylate 
equivalents.  Here again we found that lactate-modified macromers provided gels with higher 
compressive modulus at lower Irgacure/NVP concentrations relative to lactate-free macromers.     
 
4.4 Average molecular weight between crosslinks ( cM ) and mesh size (ξ) calculation 
Typical hydrogels obtained by chemical crosslinking or irradiation yield structures with 
crosslinks randomly distributed throughout the network.  In contrast, the macromers used in our 
study result in a unique gel structure comprised of a series of hydrophobic poly(acrylate) 
domains interconnected by a number of hydrophilic PEG chains.  The length of PEG chains is 
known from the initial macromer, but the degree of polymerization of the hydrophobic 
poly(acrylate) chains has not been measured in our study and is known to be influenced by 
initiation conditions[43, 44].  The molecular weight between crosslinks (Mc) will be influenced 
by both the PEG molecular weight and the degree of acrylate polymerization.  Interestingly, the 
theoretical calculation of Mc using hydrogel swelling data gives values that are only 10-20% of 
the known PEG molecular weight.  A direct comparison of the network structure of hydrogels 
crosslinked by redox and by photoinitiators is difficult due to differences in chemical 
composition brought about by incorporation of NVP into the photopolymerized gel structure.   
 
Conclusions 
Several PEG diacrylate macromers were formulated with redox or photochemical initiators to 
provide hydrogels.  Experimental results suggested hydrophobic modification is required to 
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achieve low concentration aggregation and high polymerization efficiency.  Photochemical 
polymerization is difficult to achieve in the absence of NVP as an accelerating co-monomer, 
particularly for macromers that lack hydrophobic modification.  Swell data showed that when 
optimized to similarly high conversion, hydrogel network structure was most strongly influenced 
by macromer hydrophobicity and molecular weight. 
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Figure Captions 
Figure 1.  Molecular structure and proton NMR spectrum for the 20K PEG-co-lactate-acrylate 
block copolymer 20K(L6A)2. 
 
Figure 2.  Static Light Scattering(SLS) intensity as a function solution concentration for (a)10K 
and (d)20K unmodified PEG-diol, (b)10K and (e)20K (L0A)2, (c)10K and (f)20K (L6A)2 
macromers. 
 
Figure 3.  Compressive moduli for redox crosslinked 10% macromer hydrogels: (a)10K(L0A)2, 
(b)10K(L6A)2, (c) 20K(L0A)2, and (d)20K(L6A)2.  Condition 1: variable [Fe(Glu)2] with 
[tBHP] = 1.94mM.  Condition 2: variable [tBHP] with [Fe(Glu)2] = 6.20mM. 
 
Figure 4.  Compressive moduli for photopolymerized 10% macromer hydrogels: (a) 10K(L0A)2, 
(b) 10K(L6A)2, (c) 20K(L0A)2, and (d)20K(L6A)2.  Condition 1: variable [Irgacure] with [N-
methylpyrrolidone] = 13.5 mM.  Condition 2: variable [Irgacure] with [NVP] = 13.5 mM.  
 
Figure 5  Compressive moduli of photopolymerized 10% macromer hydrogels: (a) 10K(L0A)2, 
(b) 10K(L6A)2, (c) 20K(L0A)2, and (d)20K(L6A)2 as a function of [NVP] with [Irgacure] = 
1.76 mM  
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Table 1.  Macromer composition and molecular weight. 
 NMR IC Mw (kDa) 
10K Linear 
(L0A0.95)2 (L0A1.0)2 11.40 
(L6.2A0.90)2 (L6.3A1.0)2 12.40 
20K Linear 
(L0A0.88)2 (L0A0.9)2 21.78 
(L5.8A0.84)2 (L5.9A0.8)2 23.70 
 
Table 2.  Optimized formulations for redox polymerized 10% macromer hydrogels: compressive 
modulus, 24 hour swell, and residual acrylate. 
Gel sample  
Information  
Initiator Concentration (mM) Max. Compressive  
Modulus (-kPa)  
% Swell  
% Residual 
Acrylate  [Fe(Glu)2] [tBHP] 
10K(L0A)2  6.20 1.94 68.2 ± 0.8  53 ± 6  2.8 ± 2.0  
10K(L6A)2  4.13 1.36 94.0 ± 2.1  19 ± 1  1.9 ± 0.1  
20K(L0A)2  6.20 1.94 42.9 ± 1.4  133 ± 3  1.4 ± 1.0  
20K(L6A)2  4.13 1.36 55.0 ± 0.7  74 ±0.3  1.8 ± 1.0   
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Table 3.  Formulations for photopolymerized 10% macromer hydrogels: compressive modulus, 24 hour 
swell, and residual acrylate. 
Macromer  
(10 wt%) 
[Irgacure] 
(mM) 
[NVP] 
(mM) 
Max. Compressive 
Modulus  (-kPa) 
% Swell 
% Residual 
Acrylate 
10K(L0A)2 17.6 18.0 76.3 ± 0.3 23 ± 1 8.1 ± 0.1 
10K(L6A)2 17.6 13.5 91.8 ± 0.7 18 ± 0.5 0.5 ± 0.4 
20K(L0A)2 17.6 18.0 47.8 ± 0.3 79 ± 1 4.4 ± 0.8 
20K(L6A)2 17.6 13.5 55.1±0.8 84 ± 5 0.17 ± 0.3 
 
Table 4.  Molecular weight between crosslinks ( cM ) and mesh size (ξ) of hydrogels crosslinked by redox 
and photo initiation methods. 
Macromer  
(10 wt%) 
Crosslinking Conditions % Swell 
cM  
(g·mol-1) 
Mesh Size (ξ) 
(Å) 
10K(L0A)2 [Fe(Glu)2]=6.20 mM  [tBHP]=1.94mM 53 ± 6  1462 ± 78 63 ± 3 
 [Irgacure]=1.76 mM [NVP]=18.0 mM 23 ± 1 1067 ± 15 50 ± 1 
10K(L6A)2 [Fe(Glu)2]=4.13 mM [tBHP]=1.36 mM 19 ± 1  1008 ± 25 48 ± 1 
 [Irgacure]=1.76 mM [NVP]=13.5 mM 18 ± 0.5 1004 ± 6 48 ± 0 
20K(L0A)2 [Fe(Glu)2]=6.20 mM  [tBHP]=1.94 mM 133 ± 3  3264 ± 66 109 ± 2 
 [Irgacure]=1.76 mM [NVP]=18.0 mM 79 ± 1 2206 ± 22 82 ± 1 
20K(L6A)2 [Fe(Glu)2]=4.13 mM  [tBHP]=1.36 mM 74 ±0.3  2101 ± 5 79 ± 0 
 [Irgacure]=1.76 mM [NVP]=13.5 mM 84 ± 5 2301 ± 93 84 ± 3 
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EFFECTS OF MOLECULAR WEIGHT DISTRIBUTION ON THE FORMATION OF FIBERS OF 
ELECTROSPUN POLYSTYRENE 
(Published in the Proceeding of ANTECTM 2007) 
Xiaoshu Dai, Satya Shivkumar* 
Worcester Polytechnic Institute, Department of Material Science and Engineering, 100 Institute 
Road, Worcester, MA 01609 
Abstract 
It is widely recognized that molecular weight distribution (MWD) is an important factor 
affecting the rheological behavior of polymer solutions.  In this contribution, the effects of MWD 
on the formation of electrospun fibers from polystyrene in THF have been studied.  The results 
are compared with the monodisperse system.   The importance of chain entanglements attributed 
to high molecular weight component within the polydisperse system has been acknowledged.  
Concentrations for the incipient as well as stable fiber formation in a polydisperse system may be 
predicted. 
Key Words: Molecular weight distribution, electrospinning, polystyrene. 
Introduction 
Molecular weight distribution (MWD) is an important factor affecting the rheological behavior 
of a polymer solution.  The effects of MWD on polymer blend and melt were studied previously 
by many groups.  Struglinski el al [1] analyzed the linear viscoelastic properties of binary 
polydisperse entangled polymers.  They concluded that the behavior of the binary mixture 
depends both on the relaxation time and weight fraction of the individual component.   The zero 
shear viscosity (ηo) of the mixture is dominated by the weight average molecular weight ( wM ).  
Powell [2] has introduced an empirical equation for polymer systems which is postulated to be a 
function of molecular weight distribution.  For a bulk polymer, Powell’s equation takes the form 
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of
F
o D
2)(1/[ τηη += ], in which τ is a representative relaxation time, xwn MMF )/(= ,. and x is a 
constant related to molecular shape.  For a monodisperse system F=1.  Cross [3] indicated while 
the zero shear viscosity is related to wM  or vM , the relaxation time is dependent on a higher 
moment of the distribution curve.   Moreover, it was verified previously that the lower shear rate 
exponent can be obtained from polymer melts and in moderately concentrated solutions for a 
polydispers system [3]. The value of the exponent must be related to a distribution of relaxation 
times.  In summary, a higher value of distribution gives a lower value of flow parameter but 
broader shape of the flow curve. Ye el al [4] observed a broader relaxation spectrum, a much 
higher extensional viscosity as well as a slightly smaller zero-shear viscosity (ηo) in a 
multicomponent system compared to the monodisperse polymer.  It was concluded that these 
differences were attributed to the high molecular weight components in the polydispers system.   
Bueche [5] found that one can describe the viscosity by the relation η= (const.) Mt
3.5, which the 
molecular weight average appropriate for Mt lies between the weight and z average. For 
molecular weight distributions with Mw/Mn less than about two, Mt is best represented by Mw.  
Above that value, Mz is a better approximation.  However, these latter statements are not precise 
because Mt appears sensitive to the exact form of the distribution. Reasonable agreement with 
available experimental data is found. For polydisperse systems, the weight-average molecular 
weight, Mw, is typically used as the molecular weight.  
Electrospinning is an efficient method to produce polymer fibers from solutions.  The solution 
rheology has a significant influence on the electrospun morphologies.  In electrospinning, it has 
been shown that, for a given molecular weight, there is a transition concentration (Ci) at which 
fibers begin to emerge from the beads and another concentration (Cf ) at which a fibrous structure 
is stabilized [6].  Ci is typically close to the entanglement concentration Ce, at which chain 
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entanglements in the solution become significant.  More recently, Shenoy el al [6] defined the 
entanglement number in solution (ne)soln according to equation (1):   
soln)e(M
wM
soln)e(n =
 (1) 
in which, MW is polymer molecular weight,  (Me)soln is solution entanglement molecular weight 
which can be related to the entanglement molecular weight (Me) by: (Me)soln= Me/c, in which c is 
the solution concentration.  Thus, equation (1) can be written as: 
e
W
solne
M
cM
n =)(  (2) 
The entanglement molecular weight (Me) for polystyrene is about 16,600 g/mol [6].  The authors 
observed the formation of beaded electrospun fibers for values of (ne)soln equal to 2, and uniform 
fiber production for ((ne)soln > 3.5. 
In the polydisperse system, the number of entanglements contributed by each component should 
be taken into account separately.  The total number of entanglements contributed by each 
component can be calculated based on the weight fraction of each polymer as shown below: 
ni= ln, )/( soeiwi MMw ×  (3) 
In this contribution, a series of polydisperse polystyrene samples with various concentrations 
were electrospun from THF solution.  The concentrations for the onset of fiber formation as well 
as the complete fiber formation were determined by SEM analysis.  The rheological properties of 
the aforementioned polystyrene-THF solutions were also studied.  The dependence of zero-shear 
viscosity on the weight average molecular weight as well as the solution concentration was 
determined.  Results are compared with the monodisperse systems.  The effects of molecular 
weight distribution were studied.   
Experimental procedure 
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In order to explore the impact of Molecular weight distribution on the fiber formation during 
electrospinning, three different MWD numbers between 1.7 and 3.3 were selected.  Six nearly 
monodisperse polystyrene samples with MW ranging from 19,300 – 1,877,000 g/mol (Scientific 
Polymer Products, Ontario, NY) were utilized to prepare wide MWD samples with the desired 
polydispersity.  The molecular weight for each component was chosen to cover the range of 
molecular weight evenly.  For each desired MWD, the Mn was kept the same 
(Mn=400,000g/mol).  The weight fraction of each component can be obtained by balancing the 
weight contributions of each component to the corresponding weight average molecular weight 
of the desired polydisperse system.  The weight fractions necessary to achieve three different 
MWD numbers, from the 6 monodisperse polymers are summarized in Table 1.  It is also 
possible to examine the fraction of the total number of entanglements by simply using the weight 
fraction of each component: ni=wiMw/Me, which, is also listed in Table 1.   
The polydisperse solutions were prepared by dissolving the appropriate amounts of polystyrene 
in tetrahydrofuran (Sigma-Aldrich).   Electrospinning was conducted on these solutions for at 
least 6 different concentrations.  A monodisperse polymer solution was also electrospun.  The 
morphology of the electrospun fibers was examined with a scanning electron microscope (SEM, 
JSM-840) after sputter-coating the sample with gold-palladium. 
The viscosity of the solution at 25°C was measured using a digital rheometer (Brookfield Model 
DV III).  Approximately 0.5 mL of the mixture was placed in the center of the small sample 
adapter.  This sample was sheared for 10 min at 100% Torque to ensure thorough contact 
between the solution and the cone-plate.  The viscosity of the mixture was then measured at 
desired shear rates.  At least 15 different shear rates were used for each measurement.  The shear 
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rate was varied between 0.1s-1 and 450s-1.  The zero-shear viscosity (ηo) was calculated based on 
power law equation: 
 η=ηoγ
n   (4) 
in which γ is the strain rate and n is the flow index. 
Results and Discussion 
The weight fraction of each component can be obtained by equating the sum of contributions of a 
certain number of each component to the desired number average molecular weight (Mn) of the 
polydisperse mixture.   While a concept of entanglement number is introduced to examine the 
fraction of total number of entanglements contributed by each, it is clear that the contribution of 
higher molecular weight components to the entanglement number is much higher than the low 
molecular weight components. 
For different MWD samples, the concentrations for the onset of fiber formation and complete 
fiber formation can be predicted by rearranging equation (2). Moreover, calculation can only be 
made by assuming these polydisperse systems as monodisperse samples with the corresponding 
weight average molecular weight, the critical concentrations can then be calculated by setting 
ne=2 and 3.5 for onset of fiber formation and complete fiber formation, respectively.  The results 
are listed in Table 2.   
Jamieson el al [7] reported the zero-shear viscosity of semi dilute solutions of monodisperse 
polystyrene with different molecular weights in THF.  The zero-shear viscosity data for 
MW=390,000g/mol and MW=600,000g/mol were read off and replotted as the solid line shown in 
Figure 2 (c) and (d).  Two regions are observed indicating the different entanglement status in 
the solution.  With a slope of 1.5, region I corresponds to the dilute region where few 
entanglements may be present among the macromolecules in the solution.  Region II represents 
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the entangled region with a slope of 3.4.  The dependence of the zero-shear viscosity on the 
solution concentration shifted dramatically with increasing solution concentrations.   A slope on 
the order of 3.4 (region II) can be obtained for all molecular weights which were also previously 
reported for the monodisperse system [7].  The corresponding concentration of the intersection 
of the curves is defined as the onset of entanglements.  A critical zero-shear viscosity with a 
value in the order of 0.01 Pa·s was reported by Jamieson el al [7] for a series of monodisperse 
polystyrene samples dissolved in THF. The molecular weights of these samples covered from 
390,000g/mol to 7,800,000g/mol. It was reported the critical transition zero-shear viscosity is 
independent of molecular weight.   
The molecular weight (MW) in the present study for MWD=1 and 1.7 correspond to 
393,400g/mol and 590,000 g/mol, the zero-shear viscosity data are plotted in the same graph 
(Figure 2 curves (a) and (b)).  It can be observed that, for MWD=1, the zero-shear viscosities are 
almost identical to what was reported in the literature for the monodisperse sample.  
Furthermore, the data exhibit the same slopes of 1.7 and 3.4 for the dilute region and entangled 
region, respectively.  The zero-shear viscosity data of the polydisperse sample with MWD=1.7 
are shown as curve b in Figure 2.  Having a molecular weight of 590,000g/mol, the zero-shear 
viscosity follows the same trend as the monodisperse sample with a slope of 1.5 for the dilute 
region and a slope of 3.4 for the entangled region.  In this case, however, the intersection appears 
at a lower concentration.    
The zero-shear viscosity data as a function of solution concentration for all the samples 
examined in this study are plotted in Figure 3.   The power law equations for the two regions 
shown in Figure 3 are summarized in Table 3.  It can be observed that the intersections for higher 
MWD samples shifted to the lower values of zero-shear viscosity.   With the broadening of 
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molecular weight distribution, the fraction of high molecular molecules increased.  By occupying 
larger hydrodynamic volumes, the presence of the high molecular weight fractions leads to the 
early onset of entanglement at low concentrations.  On the other hand, increasing the low 
molecular weight fractions may result in lowering of the zero shear viscosity in response to the 
shear force at these concentrations.    The concentrations at the intersections for different MWD 
samples can be calculated based on the equations displayed in Table 3.  In this case, the onset of 
entanglement concentration can be related to the corresponding molecular weight of the mixture 
according to the following power law relation (R2 = 0.991): 
8087.0)(3.1790 −= We Mc  (5) 
Electrospinning was conducted with these solutions.  The SEM photographs in Figure 4 show the 
structure obtained at various concentrations for samples with MWD=1.7.  When a concentration 
of c=0.01g/mL was used, only beads can be observed in the electrospun structure due to the 
insufficient viscoelastic property of the solution.  Fibers started to appear at a concentration of 
c=0.024g/mL as shown in Figure 5 (b).  Thus, this concentration is determined necessary for the 
onset of entanglements.  Beaded fibers were obtained above this concentration while complete 
fibrous structures were obtained at c=0.12g/mL, as shown in Figures 5(c) and (d).  The transition 
concentrations for all the samples can then be determined.   
The transition concentrations are summarized in Fig. 5 for various molecular weights.  The 
transition concentrations for monodisperse systems which were reported in the literature as well 
as those calculated by the entanglement number model are also shown for comparison.  As the 
MWD increases, the concentration for the onset of entanglements decreases dramatically.  The 
onset of entanglement concentrations obtained by SEM analysis have slightly lower values 
compared to the results obtained from viscosity measurements.  These differences may be due to 
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the rapid evaporation of the solvent during electrospinning which may lead to a slight increase in 
the effective solution concentration.  The onset of entanglement concentrations have much lower 
values for the polydisperse sample compared to the monodisperse samples (shown as curve (d) in 
Figure 5).  The transition concentrations calculated from equation (2) by fixing the entanglement 
number to 2 and 3.5 concentration are also plotted as curves (e) and (f).  A much broader 
transition region can be observed with increasing molecular weight distribution.  The presence of 
fibers at very low concentration indicates the early emergence of entanglements between 
molecules within the solution.  The high molecular weight fractions dominate the entanglement 
status of the solution, while the effect of low molecular weight fragments may be ignored at 
these concentrations.   
Conclusions 
The effects of molecular weight distribution on the formation of electrospun fibers from 
polystyrene in THF have been studied.  A fibrous structure can be obtained at a lower 
concentration in polydisperse samples than in a monodisperse polymer.  The higher molecular 
weight fragments may contribute to entanglements even at low concentrations and thereby 
stabilize a fibrous structure.   
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Table 5 Mass fractions (wi) of the monodisperse samples used to prepare a polydisperse polymer 
of the desired Molecular Weight Distribution (MWD).  The molecular weight (Mw,i) of the 
monodisperse and the polydispersity in these samples are also shown.  The entanglement number 
(wi*Mw,i/Me) calculated from equation (2) is also shown for each PDI. 
 
Mw,i 
(g/mol) 
Polydispersity 
PDI=1.7 PDI=2.5 PDI=3.3 
wi wi*Mw,i/Me wi wi*Mw,i/Me wi wi*Mw,i/Me 
19,300 1.0663 0.0034 0.0040 0.0053 0.0061 0.0075 0.0087 
44,100 1.0704 0.0078 0.0208 0.0144 0.0383 0.0256 0.0681 
97,400 1.0041 0.0173 0.1013 0.0531 0.3116 0.0754 0.4427 
393,400 1.1588 0.6974 16.5274 0.4290 10.1676 0.1524 3.6107 
1,045,000 1.0740 0.2408 15.1604 0.2935 18.4739 0.4047 25.4775 
1,877,000 1.1348 0.0333 3.7624 0.2047 23.1461 0.3344 37.8103 
 
Table 6 Concentrations calculated for the entanglement number model by rearranging equation 
(2). 
MWD 
Corresponding 
MW (g/mol) 
ne=2 ne=3.5 
1 393,400 0.0844 0.1477 
1.7 590,566 0.0562 0.0984 
2.5 865,586 0.0384 0.0671 
3.3 1,119,137 0.0297 0.0519 
 
Table 7Power law equations for the curves shown in Figure 3. 
 
MWD Region I Region II 
1 Y = 6368.5 x1.7881 y = 725074x3.478 
1.7 Y = 3648.7x1.5423 y = 2000000x3.452 
2.5 Y = 4376.6x1.4398 y = 3000000x3.0188 
3.3  y = 4000000x2.8701 
 
 Figure 1 Molecular distribution for (a) MWD=1.7, and (c) MWD=2.5.  The contribution of the 
entanglement number for each molecular fragment is also shown (b) MWD=1.7, and (d) 
MWD=2.5. 
 
 
  
■   (a) 
□   (b) 
▲  (c) 
∆   (d) 
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 Figure 2 Zero shear viscosities (
Mn=393,400g/mol, MWD=1, and (b) 
(MW=390,000g/mol, MWD=1), (d) Polystyrene (
obtained by Jamieson el al [7].  The trendli
respectively. 
 
Figure 3 Zero-shear Viscosity as a function of solution concentration for polystyrene/THF 
solutions.  (a) MWD=1, (b) MWD=1.7, (c) MWD=2.5, and (d) MWD=3.3.
 
 I 
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ηo) of polystyrene in THF at 25
oC obtained in this study: (a) 
Mn=393,400g/mol MWD=1.7.  (c) Polystyrene 
MW=600,000g/mol, MWD=1) in THF at 30
nes have the slope of 3.4 and 1.7 for region I and II, 
 
II 
I 
I 
II 
 
oC 
 
  (a) 
 (c) 
Figure 4 SEM photographs showing (a) complete bead structure (MWD=1.7 
onset of fiber formation (MWD=1.7 
and (d) complete fibrous structure (MWD=1.7 
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(b) 
  
(d) 
c
c=0.024g/mL), (c) beaded fibers (MWD=1.7 
c=0.12 g/mL).   
 
 
=0.01g/mL), (b) 
c=0.097g/mL), 
 Figure 5  Concentrations for (a) complete fiber formation, and (b) onset of fiber formation 
obtained from SEM analysis of the electrospun samples as a function of molecular 
weight. The concentration for the onset of entanglements calculated from zero
shear viscosity measurements from this study (c), and the data of Jamieson 
[7] (d) for monodisperse systems are also shown for comparison.  The limiting 
values for the onset of fibers, 
based on the model
 
 
  
Beads
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ne=2, (e) and complete fiber formation, 
 of Shenoy et al [6] are plotted. 
 
Fibers 
 
-
el al 
ne=3.5, (f) 
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(Submitted to the Journal of Applied Polymer Science) 
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Abstract 
The effects of molecular interactions between polyvinylpyrrolidone (PVP) and sodium dodecyl 
sulfate (SDS) on polymer coil dimension in their aqueous precursors and the electrospun 
morphology were investigated over a broad range of concentrations of the surfactant, from 0.1 
mM to 200 mM, and as a function of three molecular weight grades of PVP. Zero-shear viscosity 
(η0) measurements were used to characterize the chain dimension.  Results suggest that SDS may 
bind to the polymer chain and affect the PVP coil size through intramolecular interactions.  Two 
stages of binding were observed and separated by a surfactant minimum effective concentration 
(cm) regardless of the polymer molecular grades and concentration.  At c< cm, surfactant anions  
can bind to the polymer molecule leading to the contraction of the polymer coil while at c≥ cm, 
surfactant micelles may bind to the polymer molecule resulting in the expansion of the coil.  
These solutions were electrospun and the morphologies were studied by scanning electron 
microscope (SEM).  Pure PVP aqueous solutions deposited as beads or beaded fibrous structures 
and can be stabilized by the addition of the surfactant.  Experimental results demonstrated that in 
moderately entangled solutions, above cm, surfactant affected polymer solutions to yield fine 
uniform fibers.  In the polymer solution with no entanglements, a decrease in uniformity was 
observed in the electrospun pattern with the addition of surfactant.  A model was established to 
better describe the experimental observations. 
 
Introduction 
The interactions between surfactant and suitable polymers have attracted greater attention in the 
production of nanofibers by electrospinning.1  A number of nonionic polymers have been 
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electrospun with ionic surfactants as a co-spinning agent to form uniform fibrous structures.2-7  
The complexation between polymer and surfactant is best known to lead to a low surface 
tension8 and high solution conductivity 8.9 which favor the stability of the solution jet and the 
formation of uniform fibrous structures.10  In a polymer/solvent/surfactant system, it was 
observed that the anionic surfactant can bind cooperatively to the nonionic polymer.11  It is well 
established that the interaction of a nonionic polymer with an anionic surfactant can result in 
polyelectrolyte properties to the nonionic polymer.12-14  Beyond the surfactant critical micelle 
concentration (CMC), the polymer surfactant complex is viewed as composed of a series of 
spherical micelles with their surfaces covered by polymer segments and connected by strands of 
the same polymer molecules,  thus resembling a “necklace of beads”, the so-called ‘necklace 
model’.15  However, below this concentration, polymer coil contraction was observed depending 
on polymer chain length.  It was reported that contraction of the hydrodynamic volume occurred 
rather than expansion due to charge repulsion depending on the anion concentration and polymer 
chain length.16 
 
Researchers have been focusing on the effects of the addition of surfactant on polymer 
electrospinnability with surfactant concentration well above the surfactant CMC.  Systematic 
studies on the effects of the addition of surfactant on electrospun polymer fibrous structures are 
not readily available.  In this contribution, polyvinylpyrrolidone (PVP) and sodium dodecyl 
sulfate (SDS) were selected to study the effects of molecular interactions between polymer and 
the anionic surfactant on the electrospun morphology of their aqueous precursors. The PVP-SDS 
aqueous system is one of the most investigated model systems.16,17 Experiments were conducted 
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over a broad range of the surfactant concentration, from 0.1 mM to 200 mM.  The effects of 
molecular weight on the structure were also studied.  
 
 
Materials 
PVP is characterized by the K-value, or the Fikentscher’s viscosity coefficient, which is used 
mostly for polyvinylpyrrolidone and vinylpyrrolidone copolymers.18 The K-value is based on 
kinematic viscosity measurements, given by the Fikentscher equation19: 
( )
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where c represents the concentration in g/100mL; ηrel represents the relative viscosity as 
compared to the solvent; and K0 represents K/1000.  The K-value can be directly calculated by 
rearranging the Fikentscher equation: 
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Linear poly(vinylpyrrolidone)(PVP) with different molecular weights and grades, labeled as 
average molecular weight Mw=1,300,000g/mol with K-value=90~100 (PVP1300), 
Mw=36,000g/mol with K-value=80~100 (PVP360), and Mw=55,000g/mol with the K-value 
=8~34 (PVP55) and sodium dodecyl sulfate (SDS) were purchased from Sigm-Aldrich (St. Louis, 
MO).  Deionized (DI) water was used for preparing all solutions. 
PVP aqueous solutions were prepared by dissolution in DI water at ambient temperature (21.0 
oC) to achieve the desired concentration.  Concentrated SDS aqueous solutions were prepared 
separately and added into the PVP solution providing the desired molar concentrations ranging 
from 0.1 mM to 200 mM.   Homogeneous solutions were obtained after mixing.     
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The viscosity of the solutions at ambient temperature (21°C) was measured using a digital cone-
plate rheometer (Brookfield Model DV III, Middleboro, MA) equipped with a cone-spindle 
(CPE-40).  Approximately 0.5 mL of the mixture was placed in the center of the small sample 
adapter.  This sample was sheared for 2 min at 100% Torque to ensure thorough contact between 
the solution and the cone-plate.  The viscosity of the mixture was then measured at desired shear 
rates varied between 0.1s-1 and 250s-1.  The zero-shear viscosity (ηo) is calculated based on power 
law equation: 
η=ηo
•
γ n-1 (3)  
in which 
•
γ  is the strain rate and n is the flow index. 
The solution mixture was loaded in a 1mL syringe equipped with an 18 gauge needle (inner 
diameter = 0.84 mm, 51 mm long). The syringe was mounted horizontally on a syringe pump 
(EW-74900-00, Cole-Parmer). A grounded aluminum foil collector (10 cm × 10 cm) was 
positioned 10 cm from the tip of the needle. The syringe pump was calibrated to achieve a flow 
rate of 0.1 mL/h for all experiments.  A potential of 20 kV was applied to the needle immediately 
after a pendant drop formed at the tip.  The electrospun samples were sputter coated with gold-
palladium and examined in a JEOL JSM-7000F (Tokyo, Japan) scanning electron microscope 
(SEM).  
 
Results and discussion 
The zero-shear viscosity (η0) of PVP aqueous solutions as a function of concentration are shown 
in Figure 1.  Within the concentration range, PVP360 solutions show identical viscosity behavior 
to PVP1300.  This is expected since similar K-values were provided by the supplier.  A broader 
molecular weight distribution in PVP360 polymer was anticipated in this case.  Identical 
70 
 
viscosity behavior indicates the potentially identical intrinsic viscosity.  With increasing of the 
solution viscosity, a sharp increase of zero-shear viscosity was observed, with a dependence on 
solution concentration from the first power to approximately the fourth power.  A concentration 
of 7%(w/v) for PVP1300 and PVP360 corresponds to the transition concentration from dilute to 
semi-dilution regime (c*) or the on-set of entanglement.  A similar trend was observed in the 
aqueous solutions of PVP55 with a delayed transition concentration, a value of 35%(w/v), as 
shown in Figure 1 (c).   To prepare the electrospinning precursor, a concentration of 15%(w/v) 
PVP1300 was selected to achieve a c>>c*, 10%(w/v) was selected for both PVP1300 and 
PVP360 to achieve a c>c* while a solution concentration of  30%(w/v) was chosen for PVP55 to 
achieve c<c*.  The 10%(w/v) solution of PVP with K-value=80-100 has a viscosity of 400 mPa·s 
while a 30%(w/v) of PVP with K-value=28-34 gives a viscosity of 90 mPa·s in agreement with 
values supported in the literature.20 
 
The electrospun morphologies of the polymer solutions are shown in Figure 2.  The 15%(w/v) 
solution of PVP130 achieved a complete fibrous structure with average fiber diameter of 
238±8nm. However, 10%(w/v) solution of PVP1300 and PVP360 deposited as beaded fibrous 
structure, while 30%(w/v) of PVP55 yielded a complete beaded structure.  The poor 
electrospinnability of the lower concentration and lower Mw solutions indicated insufficient 
entanglements between polymer molecules and/or weak interactions between polymer and 
solvent molecules in solution.  Varying amounts of SDS were then added to these PVP solutions 
in order to determine the minimum effective surfactant concentration (cm) at which a uniform 
fibrous structure can be produced.   
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The viscosities of PVP solutions with various SDS concentrations were first measured.  Results 
are plotted in Figure 3.  At a low SDS concentration, the solution viscosities continuously 
decrease with increasing SDS concentration.   The decreasing of solution viscosity at low SDS 
concentration can be explained as follows.  In an aqueous solution of PVP and SDS, at 
concentrations lower than the critical micelle concentration (CMC) of SDS (8.2 mM21), it is the 
SDS anions binding with PVP molecules.  By absorbing the anions, PVP essentially becomes a 
charged polyelectrolyte, the charges stretching the polymer chain just as they do in structural 
polyelectrolytes.  It was reported that the anions have a salting-in effect on the amide groups 
(=N-CO) but a salting out effect on the hydrocarbon backbone of the PVP chain.17  As a result, 
the anions will attract the amide groups while repel the rest.  The electrostatic repulsion may lead 
to the rearrangement of the coil structure of the PVP into a smaller dimension.  Thus the anion 
bounded molecules tend to be salted-out from the solvent. With increasing concentration of SDS, 
the charge density of PVP chain is anticipated to increase.  The increasing repulsion between the 
charges may further disturb the formation of inter-molecular bonds between PVP coils.  Overall, 
the intra-molecular interactions between the surfactant anions bind to the polymer segments and 
lead to the shrinking of the polymer coil.  This shrinking effect induces a decrease in precursor 
viscosity.  The viscosity attained a minimum value at approximately 2-5 mM of SDS for 
PVP1300 and PVP360 solutions (Figure 3 (a), (b) and (c)).  The minimum viscosity value occurs 
at 10-20 mM for PVP55 indicating the shrinking effects of SDS binding to shorter PVP chain act 
over a broad concentration range.  
 
The electrospun morphologies of 15%(w/v)PVP1300 and 10%(w/v) PVP1300 and PVP360 
solution containing 5 mM SDS are shown in Figures 4 (a-1), (b-1) and (c-1).  Compared to 
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Figure 2 (a), (b) and (c), with polymer molecules having a smaller coil dimension, there are no 
significant structural differences observed.  In electrospinning, it is postulated that a decreasing 
of surface tension and an increasing of solution conductivity are associated with non-ionic 
polymer binding with ionic surfactant.10   Thus, these effects counter balance with the shrinking 
effect which in turn yields identical structures to the surfactant-free polymer solutions. 
 
The viscosity starts to increase at about 10-20 mM of [SDS] after attaining a minimum.  This is 
followed by dramatic rise in viscosity with further increase in SDS concentration.  The on-set of 
the transition concentration, which can also be recognized as the minimum effective surfactant 
concentration (cm) is marked as 20 mM as shown in Figure 3.  It should be noticed that this value 
is much higher than the surfactant CMC and is independent of polymer molecular grades and 
concentration.  The electrospun structures of the PVP1300 and PVP360 solutions with 20 mM 
SDS are shown in Figure 4(a-2), (b-2) and (c-2).  Identical electrospun structure was observed 
for 15%(w/v) PVP1300 solution with a slightly larger fiber size (289±13nm).  In the electrospun 
pattern of 10%(w/v) PVP1300 and PVP360 solutions, bead-free fibrous structures with uniform 
size distributions were obtained.  The average fiber diameter was approximately 103 ±13nm.  
For the precursors of polymers with some degree of entanglements (e.g. 10%(w/v) PVP1300 and 
PVP360), at c[SDS]=cm, surfactant micelles start to bind to the polymer segments. The excluded 
volume effect led to chain expansion into larger hydrodynamic volumes.   More entanglements 
between coils maybe obtained.  The increase of zero-shear viscosity is the direct response to the 
excluded volume effect.  Moreover, Klech et al 16 reported the decreased values of the Higgins 
constant with increasing of SDS concentration (within the range of 20 to 70 mM) which provide 
more favorable interactions between polymer and solvent molecules.  With more and more 
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micelles binding to the polymer, as a result of further expansion of the coil dimension, the 
electrospun fiber diameter keeps increasing as shown in Figure 4 (a-3) (b-3) and (c-3).  
 
The addition of surfactant has identical effects on the viscosity behavior over the same SDS 
concentration range on the 30%(w/v) PVP55 solution, as shown in Figure 3(d).  However, 
introducing large amount of the anions into the polymer solution with no entanglements may 
result in a great gain in entropy, which can be a major driving force for instability of the solution 
jet during electrospinning process.  The electrospun structures of 30%(w/v) PVP55 with 5 mM, 
and 20 mM SDS are shown in Figure 4 (d-1), and (d-2), respectively.    The beaded structure 
with broad bead-size distribution and the presence of large amount of smaller beads with 
diameters less than 40 nm can be an indication of random break down of the solution jet and 
inconsistent polymer flow.  No fibrous structures were obtained.  The binding of surfactant 
micelles with polymer chain at c[SDS]>>cm led to a slight increase in solution viscosity.  This 
increase in viscosity was more likely due to the inhomogeneous locally entangled PVP chain at 
very high SDS concentration, which may lead to the formation rod-like structures at very high 
surfactant concentration, as shown in Figure 4(d-3).  However, beaded structures remained due 
to the limited overall entanglements in the precursor.  
 
A schematic illustration of binding sequence between PVP and SDS in an aqueous solution while 
keeping the polymer concentration constant with increasing surfactant concentration is shown in 
Figure 5.  A PVP coil in its aqueous solution is shown on the left which is followed by the coil 
structures of the two stages binding with the surfactant.  When c[SDS]<cm, surfactant anions bind 
to the PVP molecules, the coil size decreases due to the shrinking effect from the intramolecular 
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interactions.  This corresponds to the decrease in viscosity.  However, the electrospun structures 
remain unchanged due to the increase in surface tension and solution conductivity which counter 
balance the shrinking effect.  At c[SDS]≥cm , surfactant micelles bind to the PVP molecules. The 
excluded volume effect leads to the molecule coils to expand which results in the increase in 
viscosity and sufficient entanglements.  Uniform fibrous structure with nano-sized fibers can be 
obtained under these conditions.   
 
Conclusions 
Measurements of solution viscosity revealed that surfactants are able to modulate polymer coil 
dimension via intramolecular interactions.  A minimum effective surfactant concentration cm =20 
mM was observed for all PVP/SDS aqueous solutions regardless the PVP molecular grades and 
solution concentration.  This concentration is highly desirable for polymer solutions with some 
degree of entanglements to yield uniform fine fibrous structure.  However, for polymer solutions 
with no entanglements, the addition of the micelles may not be beneficial. 
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Figure 5 Zero-shear viscosity (η0) as a function of PVP solution concentrations for different PVP 
molecular grades, (a) 1,300,000g/mol K-value=90-100, (b) 360,000g/mol K-value=80-100, and 
(c) 55,000g/mol K-value=28-34.  
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Figure 6 SEM micrographs showing the electrospun structures from PVP aqueous solutions, (a) 15%(w/v)PVP1300, (b)10%(w/v) 
PVP1300, (c) 10%(w/v) PVP360, and (d) 30%(w/v) PVP55. 
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Figure 7 Zero-shear viscosity (η0) of (a) 15%(w/v) PVP1300, (b) 10%(w/v) PVP1300, (c) 
10%(w/v) PVP360, and (d) 30%(w/v) PVP55 solutions containing various SDS molar 
concentrations.  The minimum effective surfactant concentration (cm) for each polymer 
molecular grade and concentration is indicated. 
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Figure 8 SEM micrographs of the electrospun structures from the precursors 
PVP1300, (b)10%(w/v) PVP1300, (c) 10%(w/v) PVP360 and (d) 30%(w/v) PVP55 with various 
molar concentrations of SDS (1) 5 mM, (2) 20 mM, and (3) 200 mM.
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Figure 9 Schematic illustrations of the binding sequence between PVP and SDS in an aqueous 
solution at a constant polymer concentration constant and increasing SDS concentration. From 
the left, a regular polymer coil, the middle, the shrunk polymer coil due to the binding with 
surfactant anions, and the right, the expanded polymer coil due to the binding with the surfactant 
micelles.  
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CHAPTER 4 CONCLUSIONS 
This thesis presents a series of papers that first show the successful development of a 
unique in situ forming hydrogel system.  Several PEG diacrylate macromers were formulated 
with redox or photochemical initiators to provide hydrogels.  Experimental results suggested 
hydrophobic modification is required to achieve low concentration aggregation and high 
polymerization efficiency.  Photochemical polymerization is difficult to achieve in the absence 
of NVP as an accelerating co-monomer, particularly for macromers that lack hydrophobic 
modification.  Swell data showed that when optimized to similarly high conversion, hydrogel 
network structure was most strongly influenced by macromer hydrophobicity and molecular 
weight. 
Electrospinning technique was demonstrated as a versatile and efficient method to 
fabricate fibrous structures.  Study of the fundamental parameter, polymer molecular weight 
distribution was exploited to establish the correlation between solution rheology and electrospun 
morphology.  Using viscometry, the onset of entanglement concentrations with lower values 
were measured for the polydisperse polymer/solvent system.  Intrinsic viscosity ([η]) was 
derived from viscometry results, which can be used to determine the effective molecular weight 
(ME) controlling the solution viscosity.  Results indicate that a higher moment of molecular 
weight (Mv) should be used to replace the weight average molecular weight in the historical 
rheological Mark-Houwink equation: awKM=][η .  Fiber formation at low solution concentration 
was also observed during electrospinning.  The results suggest that the presence of the high 
molecular weight fragments contribute to the early onset of fiber formation by enhancing the 
chain entanglements in the polydisperse polymer solutions. 
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Solution electrospinnability can also be improved by the addition of an anionic 
surfactant.  The effects of molecular interactions between poly(vinylpyrrolidone) (PVP) and 
sodium dodecyl sulfate (SDS) on polymer coil dimension in their aqueous precursors and the 
electrospun morphology were investigated over a broad range of concentrations of the surfactant 
and as a function of three molecular weight grades of PVP.  Viscometry was used to monitor the 
coil dimension.  Results showed that SDS binds to the polymer chain and affects the PVP coil 
size through intramolecular interactions.  Two stages of binding were observed and separated by 
a surfactant minimum effective concentration (cm) regardless of the polymer molecular grades 
and concentration.  At c<cm, surfactant anions bind to the polymer molecule leading to the 
contraction of the polymer coil while at c≥cm, surfactant micelles bind to the polymer molecule 
resulting in the expansion of the coil.  These solutions were electrospun and the morphologies 
were studied by scanning electron microscope (SEM).  Pure PVP aqueous solutions deposited as 
beads or beaded fibrous structures and could be stabilized by the addition of surfactant.  
Experimental results demonstrated that in the moderately entangled solutions, above cm, 
surfactant affected polymer solutions yielded fine uniform fibers.  In the polymer solution with 
no entanglements, a decrease in uniformity was observed in the electrospun pattern with the 
addition of surfactant.  This study demonstrated the versatility of electrospinning technique 
which, by including an additional component, enables the production of uniform fine fibrous 
structures at low polymer viscosity.  
 
